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Genome-wide association studies have mapped many single-nucleotide polymorphisms (SNPs) that are
linked to cancer risk, but the mechanism by which most SNPs promote cancer remains undefined. The
rs6983267 SNP at 8q24 has been associated with many cancers, yet the SNP falls 335 kb from the nearest gene,
c¢-MYC. We show that the beta-catenin-TCF4 transcription factor complex binds preferentially to the cancer
risk-associated rs6983267(G) allele in colon cancer cells. We also show that the rs6983267 SNP has enhancer-
related histone marks and can form a 335-kb chromatin loop to interact with the c-MYC promoter. Finally, we
show that the SNP has no effect on the efficiency of chromatin looping to the c-MYC promoter but that the
cancer risk-associated SNP enhances the expression of the linked c-MYC allele. Thus, cancer risk is a direct
consequence of elevated c-MYC expression from increased distal enhancer activity and not from reorganization/
creation of the large chromatin loop. The findings of these studies support a mechanism for intergenic SNPs
that can promote cancer through the regulation of distal genes by utilizing preexisting large chromatin loops.

In recent years, genome-wide association studies (GWAS)
have provided valuable insights into inherited genetic compo-
nents of many cancer types. Highly penetrant genes contribute
to less than 5% of inherited susceptibility to familial colorectal
cancer (CRC) (21). The remaining inherited risk is likely to be
accounted for by a combination of many lowly penetrant germ
line variations (9, 40). The availability of comprehensive single-
nucleotide polymorphism (SNP) arrays allows the large-scale
mapping of common genetic variants across the genome and
exposes lowly penetrant genetic markers of disease suscepti-
bility. One advantage of SNP-based GWAS is that they identify
linkage to susceptibility in both coding and noncoding regions
in an unbiased manner. This comprehensive analysis can iden-
tify lowly penetrant susceptibility loci beyond specific candi-
date genes, revealing the potential influence of noncoding re-
gions within the genome.

SNPs within chromosomal region 8q24 have been found to
be associated with colorectal, breast, bladder, ovarian, and
prostate cancers. Approximately one-third of all reported pros-
tate and colon cancer-associated SNPs map to 8q24 (9, 10, 20).
Interestingly, all of the cancer-associated SNPs in 8q24 lie
within a 1.5-Mb gene-free region (or “gene desert”) bounded
by the gene FAMS84B on the centromeric end and the proto-
oncogene c-MYC on the telomeric end. The cancer risk-asso-
ciated SNPs within 8q24 span nearly 600 kb in the 5’ direction
from c-MYC. Curiously, no SNPs with disease association have
been mapped to the even larger gene-free region in the 3’
direction from c-MYC. Large gene-free regions are found at
diverse locations in the genome, but their significance remains

* Corresponding author. Mailing address: Department of Genetics,
Dartmouth Medical School, Norris Cotton Cancer Center, Lebanon,
NH 03756. Phone: (603) 653-9975. Fax: (603) 653-9952. E-mail: mcole
(@dartmouth.edu.

¥ Published ahead of print on 11 January 2010.

1411

unclear (31). However, there is ample evidence for distal reg-
ulatory influences on c-MYC expression. Variant plasmacy-
toma chromosomal translocation breakpoints were mapped
from 150 to 300 kb in the 3’ direction from c-MYC (6). Similar
chromosomal translocation breakpoint clusters are found in
the related human Burkitt’s lymphomas (19). These distal
translocations misregulate c-MYC in cis because only the trans-
located allele is expressed in tumor cells (4). Further evidence
for distal regulation of c-MYC comes from retrovirally induced
T- and B-cell lymphomas in mouse and rat, which frequently
target the same distal translocation breakpoint regions (13,
41). A deep body of research identifies c-MYC as a hub for
signals emanating from innumerable growth and differentia-
tion factors (25), in addition to these distal oncogenic lesions.

Only a small fraction of the human genome encodes pro-
teins, while the remainder consists of 5’ and 3’ flanking regions
and introns of various sizes. Dispersed throughout these non-
coding regions are evolutionarily conserved sequences that are
thought to be potential regulatory elements (31), although few
have been experimentally tested. Regulatory elements proxi-
mal to promoters have been studied in depth, but the mecha-
nism by which distal elements may regulate gene expression
remains unclear. The simplest model is that distal regulatory
elements control their target genes through direct recruitment
to a promoter, facilitated by chromosome loops. Studies of
distal regulatory elements and cellular promoters pose the
considerable technical challenge of establishing physical link-
age within the cell. The development of the chromosome con-
formation capture (3C) technique has offered novel insight
into large chromatin loops and even potential interchromo-
somal interactions (reviewed in reference 27). Several gene
loci have been shown to exhibit extensive looping to bring
regulatory elements into close proximity to their target genes.
The full extent of chromosomal looping in gene regulation
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remains to be explored; however, recent important findings
have pointed to very complex genome-wide chromatin organi-
zation mediated by loops. Such a model of interconnected
chromatin regions may be applied to findings from GWAS to
further our understanding of complex regulatory systems in-
volved in disease predisposition (24).

Distinct oncogenic pathways are commonly activated for
specific cancers. The majority of CRCs activate the WNT path-
way, either through the loss of the adenomatous polyposis coli
(APC) tumor suppressor or through oncogenic mutations in
beta-catenin (11, 32). Both lesions result in the accumulation
of nuclear beta-catenin, which forms a complex with the T-cell
factor (TCF)/lymphoid enhancer binding factor 1 (LEF1) tran-
scription factor to activate Wnt target genes (22). A prominent
target of the WNT pathway is the c-MYC gene, which is an
essential downstream effector of the pathway (16, 36, 43). TCF/
LEF1 binding sites proximal to c-MYC have been found pre-
viously (16, 46), but the precise site that functions to enhance
c-MYC expression has been elusive.

Given the well-known connection of c-MYC to colon, pros-
tate, and breast cancers (30), we hypothesized that cancer
risk-associated SNPs may alter cis-acting regulatory elements
that activate c-MYC over a great distance. Considerable atten-
tion has focused on one SNP, rs6983267, which maps to a
TCF4 binding site 330 kb from the c-MYC gene, with enhanced
TCF4 binding to the cancer risk-associated allele (33, 42). This
distal element contains histone modifications that are expected
hallmarks of enhancers, with more prominent histone modifi-
cations on the cancer-associated allele. We and others have
shown that the SNP maps to a region that forms a large chro-
matin loop, directly linking the SNP to the c-MYC promoter
(33). Furthermore, we show that the c-MYC allele linked in cis
to the cancer risk-associated SNP variant shows significantly
higher expression than the c-MYC allele linked to the non-risk-
associated variant. Our data support the model that enhanced
TCF4 binding to the cancer risk-associated SNP promotes
susceptibility to diverse neoplasias by driving elevated c-MYC
expression in cis. Furthermore, we show that the SNP itself
does not alter the frequency of looping interactions and that
the loop exists in tissues in which there is no known Wnt
signaling.

MATERIALS AND METHODS

Evolutionary conservation and binding site prediction. Data on 2 kb of the
human genomic sequence surrounding rs6983267 were retrieved from Ensembl
and used to create a multispecies alignment of the corresponding regions in
rhesus monkey, mouse, dog, horse, armadillo, opossum, and platypus with
BLASTN and the Ensembl data-mining tool BioMart (3a). A local alignment of
the regions around rs6983267 was prepared using ClustalW and Boxshade (see
Fig. 1A). For each species, 25 bp of the aligned sequence surrounding rs6983267
was parsed using the UNIX grep and perl tools (3a). These 25-bp sequences were
then analyzed by MEME to discover overrepresented motifs (2, 3). The most
statistically significant overrepresented motif found in all sequences was then
analyzed using the tom-tom motif comparison tool and the Transfac transcrip-
tion factor database (44). Tom-tom was used to query the motif against the
Transfac database, and known target motifs were ranked by E value. By this
method, the highest-scoring position-weighted matrices were found to be dom-
inated by members of the TCF family, indicating a putative TCF binding site over
the rs6983267 SNP (see Fig. 1B).

ChIP. Chromatin immunoprecipitation (ChIP) assays were performed
using the ChIP assay kit according to the protocol of the manufacturer
(Upstate/Millipore). The antibodies used for each respective ChIP were as
follows: anti-TCF4 (05-511; Upstate), anti-beta-catenin (06-734; Upstate),
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anti-acetylated histone H3 (06-599; Upstate), anti-acetylated histone H4 (06-
866; Upstate), and antibody to histone H3 dimethylated at lysine 4 (ab32356;
Abcam). PCR amplification of each ChIP or input sample was performed
using Ex-Tag polymerase (Takara). Labeled and nonlabeled PCR mixtures
used 28 and 33 cycles, respectively, and were resolved by gel electrophoresis.
Labeled products were quantified using a Typhoon phosphorimager. ChIP
products were quantified as a ratio to the input band density by using the
corresponding primer pairs. Each ChIP was performed three independent
times with HCT116 and DLD-1 CRC cell lines. Error bars in figures indicate
standard deviations among results from the three independent ChIPs for each
antibody. ChIP primers for rs6983267, rs1447295, rs6942880, and CCND1 are
available upon request.

In vivo allele-specific DNA binding. Allele-specific binding differences were
detected directly by sequencing. DLD-1 cells were determined to be heterozy-
gous for the 1s6983267(G/T) SNP by sequencing of the PCR product. To nor-
malize variations in the sequencing dye, only sequence profiles from the same
run were compared and all samples were amplified in the same number of cycles.
G/T allele ratios for each ChIP were normalized with respect to input G/T allele
ratios. Products of three independent TCF4 and beta-catenin ChIPs were se-
quenced, and the G/T allele ratios were averaged. Error bars in the figures
indicate the standard deviation of the (ChIP product G/T allele)/(input G/T
allele) ratios for each ChIP.

In vivo allele-specific binding differences for TCF4 and beta-catenin were
also detected by restriction digestion. ChIP PCR products were digested with
the restriction enzyme Tsp45I (NEB). The rs6983267(T) allele generates a
Tsp45I site, so allele-specific binding differences can be quantitated by di-
gestion. Equivalent amounts of PCR products were digested, resolved by
agarose electrophoresis, and detected with ethidium bromide. The input PCR
sample acted as a baseline, and cloned rs6983267(T) and rs6983267(G) were
used as restriction enzyme controls. Quantitation of the digestion products by
using ethidium bromide band intensity was done with the ImagelJ software
package (National Institutes of Health). Densitometry analysis was done
using the analysis module, and the quantitation was normalized with respect
to input controls.

3C. 3C was used to test for intrachromosomal looping interactions. We per-
formed cross-linking, digestion, and ligation using established procedures (8, 28,
39). Briefly, cells (10® per experiment) were cross-linked with 1% formaldehyde,
which was then quenched with 0.125 M glycine. Cell pellets were homogenized
in lysis buffer (10 mM Tris-Cl, pH 8.0, 10 mM NaCl, 0.2% [vol/vol] NP-40) with
a Dounce homogenizer B. The cell pellet was split into 20 aliquots of approxi-
mately 5 X 10° cells each. To digest cross-linked cells, the cell pellets were placed
in the appropriate restriction enzyme buffer and cells were incubated in 0.3%
sodium dodecyl sulfate (SDS). Triton X-100 (1%) was added to each tube to
sequester SDS. Cells were digested with HindIII, Sacl, and Pstl restriction
enzymes in separate experiments with 400 U per 5 X 10° cells for 36 h at 37°C.
One aliquot of digested cells was set aside to test restriction enzyme efficiency by
electrophoresis and PCR. Each aliquot was ligated with 4,000 U of T4 DNA
ligase for 2 h at 16°C. Cross-links were reversed by proteinase K digestion
overnight, and the 3C DNA template was purified by two rounds of phenol-
chloroform extraction followed by five rounds of ethanol precipitation. The final
DNA pellet was dissolved in Tris-EDTA buffer, pH 8.0, and quantitated by using
a NanoDrop spectrophotometer.

To control for PCR and primer efficiencies, PCR products were first made for
all primer pairs spanning 8q24 (data not shown). Primers were chosen within the
region from bp 80 to —160 relative to the target restriction site, and the anneal-
ing temperature was uniformly 58 = 1°C. The amplified products from the
restriction sites were pooled, mixed with genomic DNA, digested, and ligated.
Ligation products were then amplified with one primer distal to ¢-MYC and one
primer proximal to c-MYC to assess the efficiency of cross ligation (data not
shown). To verify that the cross-ligation products were as expected, the amplified
products were cloned into pGemT and sequenced. All PCRs were performed in
triplicate, and each set of error bars in the figures indicates the standard error of
the mean represented by each data point.

Cell culture and allel ific expr DLD-1 and K562 cells were main-
tained in RPMI 1640 with 10% serum and 1% penicillin-streptomycin. MCF7
and HCT116 cells were maintained in Dulbecco’s modified Eagle medium
with 10% serum and 1% penicillin-streptomycin. Polymorphism screens
across the c-MYC locus were run using primers corresponding to overlapping
500-bp PCR segments spanning the c-MYC transcribed region and 2 kb of the
proximal promoter (primers will be disclosed upon request). Nuclear RNA
was isolated from DLD-1 cells by using Trizol and ethanol precipitated.
Expression was evaluated by reverse transcription PCR (RT-PCR) using
primers flanking the rs4645953 polymorphism within the first intron of c-MYC
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FIG. 1. The rs6983267 SNP is highly conserved in mammalian evolution and maps to a consensus TCF/LEF1 binding site. (A) Compar-
ative genomics analysis of the rs6983267 SNP regions in the indicated mammals, including marsupials and monotremes. The ancestral
element has a G, whereas the allelic frequency in humans is 50% T. Consensus inverted TCF binding sites are indicated by brackets.
rs6983267 falls ~335 kb in the 5’ direction from ¢-MYC in all mammals. (B) Alignment of the three top-scoring consensus TCF/LEF1 motifs
(dTCF, Drosophila T-cell factor) is shown above the mammalian conserved sequence surrounding the rs6983267 SNP. Both the ancestral G
variant, which is strongly associated with several cancers, and the non-cancer-associated T variant of rs6983267 are depicted (the variations

are indicated by the rectangular black box).

in DLD-1 cells. Allelic expression ratios were determined by using sequencing
dye trace profile peaks at the site of the rs4645953 SNP. To control for slight
dye imbalance within the sequencing runs, PCR products from genomic DNA
of the corresponding region surrounding the rs4645953 SNP were sequenced
in tandem with each expression profile. Quantitation of allele-specific profiles
was carried out by measuring the C/T allele ratio relative to the genomic
DNA C/T allele ratio. To control for DNA contamination, each RT-PCR was
controlled with a no-RT PCR (data not shown). Additionally, RNase diges-
tion prior to each RT-PCR confirmed that each product was amplified from
an RNA template.

To establish a control for allele-specific expression, we used a cloned human
¢-MYC gene containing the native c-MYC promoter and 7 kb of the 5’ flanking
sequence. Site-directed mutagenesis was used to create matched expression
vectors that differed only at the rs4645953 SNP. The cloned polymorphic c-MYC
genes (4 pg total DNA) were mixed at either a 1:1 or a 2:1 ratio, and 10° Ratla
fibroblast cells were transfected with the mixtures by using Fugene transfection
reagents. RNA was isolated by using Trizol, and exogenous c-MYC expression
was detected using human-specific primers. Allelic expression was evaluated as
described above.

RESULTS

We are interested in defining the mechanism through which
individual genomic SNPs contribute to cancer susceptibility.
The rs6983267(G/T) SNP lies approximately 335 kb in the 5’
direction from the c-MYC gene and has allele frequencies of
0.5. The G variant correlates with predisposition to colorectal,
prostate, and ovarian cancers with odds ratios of 1.2 to 1.3 for
heterozygotes and 1.4 to 1.5 for homozygotes (1, 9, 10, 15, 20,
40). Notably, the rs6983267 SNP lies within a 1.3-kb region of
8q24 that is strongly conserved among mammals (Fig. 1A). The
1s6983267(G) allele correlates with mammalian conservation,
indicating that it is the ancestral allele. Synteny of this element
with ¢-MYC is maintained in all mammals, suggestive of a
conserved cis-regulatory role. To explore the function of
1s6983267, we noted that the SNP itself lies within a consensus
binding site for the transcription factor TCF/LEF1, a known
downstream effector of the WNT pathway and an established
activator of the c-MYC gene (Fig. 1B) (16, 22). The polymor-
phism lies at a position within the TCF motif known to affect
binding affinity, favoring the G variant over the T variant (14).
In fact, this conserved chromosomal element contains two in-
verted TCF/LEF1 consensus sites, with the polymorphism at

the outer edge of the rightward site (Fig. 1A). Based on bind-
ing site prediction, we hypothesized that the respective
1s6983267 SNP variants (the G and T variants) would differ-
entially bind to TCF4-beta-catenin in human CRC cells.

Enhanced beta-catenin-TCF binding to the cancer risk-
associated rs6983267 allele. To examine binding of the
1s6983267 SNP to TCF in vivo, we analyzed two different CRC
cell lines: HCT116, which bears a mutation in beta-catenin
rendering the beta-catenin stable, and DLD-1, which has an
inactivating mutation in the APC gene (29). Both lesions pro-
vide a constitutively active WNT signaling pathway. Using
ChIP, we found that binding of both TCF4 and beta-catenin is
strongly enriched in a 300-base region centered on the
1r$6983267 SNP in both of the CRC cell lines (Fig. 2A). Neither
factor is detected at rs1447295 or rs9642880, nearby SNPs
which show no association with colon cancer (Fig. 2A). Binding
to a known TCF4 site in the CCNDI gene served as a positive
control (38). This indicates that TCF4 and beta-catenin bind at
or near rs6983267 in vivo.

Fortuitously, DLD-1 cells are diploid for chromosome 8 and
heterozygous for the rs6983267(G/T) SNP variants, which
made it possible to compare TCF4-beta-catenin binding affin-
ities between the alleles in vivo. We compared the rs6983267
allele distribution in the input DNA to the distribution after
immunoprecipitation with either beta-catenin or TCF4 anti-
bodies. Differences in allelic binding at rs6983267 were re-
solved by direct sequencing of the PCR products. The input
sequence shows equal contributions from the alleles, as ex-
pected in a heterozygous DNA sample (Fig. 2B). Compared to
input DNA, the TCF4 ChIP sample shows threefold enrich-
ment with the rs6983267(G) allele and the beta-catenin ChIP
sample shows fourfold enrichment with the rs6983267(G) al-
lele over the rs6983267(T) allele (Fig. 2D). As an alternate
method to assess allele-specific binding, the input and ChIP
DNA samples were digested with the restriction enzyme
Tsp451. The rs6983267(T) allele has a cleavage site for this
enzyme that is not present in the rs6983267(G) allele. The
input DNA samples show approximately equal G and T allele
distributions (Fig. 2C), consistent with a heterozygous geno-
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FIG. 2. Enhanced binding of TCF4 and beta-catenin to the cancer-associated rs6983267 SNP in vivo. (A) ChIP analysis of TCF4 and
beta-catenin binding in CRC cell lines HCT116 and DLD-1. Samples from independent, duplicate immunoprecipitations were assayed for the
presence of three different cancer-associated SNPs: rs6983267 (associated with colon cancer and others), rs1447295 (associated with prostate
cancer), and rs6942880 (associated with bladder cancer). A TCF4 binding site near the CCNDI gene was used as a positive control. ChIP allowed
quantitation of TCF4 and beta-catenin binding to rs6983267 and other SNPs. The ChIP signal (expressed as a percentage relative to the input level)
is shown for three different SNPs, as well as for the control TCF4 site in the CCNDI gene. No ab, no antibody. (B) The rs6983267 SNP region
from DLD-1 cells was PCR amplified from either input DNA or chromatin immunoprecipitates obtained using anti-TCF or anti-beta-catenin
antibodies. The PCR products were subjected to direct DNA sequencing using a primer from one end. The input DNA is heterozygous for
156983267, whereas the ChIP DNA samples obtained with both TCF4 and beta-catenin antibodies show enrichment with the cancer-associated
1s6983267(G) allele. (C) Restriction enzyme analysis of allele distribution in DLD-1 input DNA compared to that in ChIP DNA by using
anti-TCF4 and anti-beta-catenin. Tsp451 cleaves the rs6983267(T) allele but not the rs6983267(G) allele. rs6983267(T)-only and rs6983267(G)-only
amplification products were used to verify specificity and complete enzyme digestion (lanes 7 and 8). Independent duplicate ChIP samples were
amplified for each antibody (lanes 1 to 4), and equivalent amounts of DNA were digested and loaded into the lanes. Equivalent samples of input
DNA for the individual immunoprecipitations were also digested and loaded (lanes 5 and 6). (D) Quantitation of rs6983267 allelic distributions
in input and ChIP samples by either direct sequencing or Tsp451 digestion. For each antibody, the peak height of the G/T allele ratio for the input
DNA was set to 1 and used to normalize the G/T allele ratio for the ChIP DNA. All DNA samples were amplified in the same number of cycles
and to the minimum extent needed for direct sequencing or digestion.

type and the sequencing profiles described above. The ChIP
DNA samples obtained with TCF4 and beta-catenin antibodies
both show approximately fourfold enrichment with the
1rs6983267(G) allele (Fig. 2D), consistent with the sequencing
profiles. Together, these data show that TCF4 and beta-cate-
nin preferentially occupy the 1s6983267(G) SNP variant over
the rs6983267(T) variant in vivo. These data are consistent with
recent findings (33, 42).

Enhancer-specific chromatin modification at the rs6983267
SNP. To further test the hypothesis that the rs6983267 SNP
could regulate c-MYC, we wanted to explore if the SNP falls
within an enhancer-like element. Enhancers are capable of
regulating transcription from distal locations relative to their

respective target genes, and recent ChIP studies have uncov-
ered distinguishing histone modifications and cofactors that
delineate enhancers and promoters (17, 18, 26). To this end,
we used ChIP to analyze several histone modifications (di-
methylation of histone H3 at lysine 4 [H3K4me?2], acetylation of
histone H3 [H3-Ac], and H4-Ac) which are hallmarks of chro-
mosomal enhancers. ChIP assays for all three enhancer marks
showed enrichment at the site of the rs6983267 SNP (Fig. 3A).
Nearby prostate cancer SNPs (rs1447295 and rs9642880) show
no enrichment with these histone marks, indicating the speci-
ficity of this enhancer-predictive signature in human CRC cells
(Fig. 3A). A known TCF binding site in the CCNDI gene
displays the same histone modification profile and served as a
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FIG. 3. Allele-specific enhancer histone modifications at the can-
cer-associated rs6983267 SNP. (A) Quantitation of three different en-
hancer-associated histone modifications (H3K4me2, H3-Ac, and H4-
Ac) at 136983267, rs1447295, and rs6942880, as well as the region
surrounding the TCF4 binding site in CCNDI, by ChIP. Data are
presented as percentages of the input level. (B) Allele specificity of
histone modifications as determined by direct sequencing of the PCR
products.

positive control. To further explore the allele specificity, we
sequenced the PCR product from the histone ChIP and found
that the rs6983267(G) variant was enhanced with H3K4me2,
H3-Ac, and H4-Ac modifications (Fig. 3). Thus, the rs6983267
SNP region has the hallmarks of a chromosomal enhancer,
and they are more prominent for the cancer-associated
rs6983267(G) allele.

A large chromatin loop links rs6983267 to the c-MYC pro-
moter. Given the long chromosomal distance between
1s6983267 and the c-MYC promoter, we pursued a looping
mechanism of enhancer recruitment. To explore this possibil-
ity, we used 3C, a technique that can show functional connec-
tivity between enhancer or insulator elements and their respec-
tive target genes through chromatin loops (8, 39). DLD-1 CRC
cells were cross-linked with formaldehyde, and the chromatin
was digested with HindIII and ligated. Intrachromosomal in-
teractions were assayed using primer pairs arrayed at intervals
across a 350-kb segment of 8q24 spanning rs6983267, several
other cancer-associated SNPs, and the c-MYC promoter. A
more extensive set of primers was used for HCT116 cells, with
primers spaced at approximately 18-kb intervals. Remarkably,
the 3C analysis shows a clear peak of interaction with the
c-MYC promoter at the site closest to the rs6983267 SNP in
both DLD-1 and HCT116 cells (Fig. 4A and B). Ligation of
distal chromosome segments was verified by direct sequencing,
validating the distal interaction. The two primers flanking the
HindIIT site near rs6983267 scored positive for looping with
equal efficiencies by PCR (data not shown). The large chro-
matin loop between 156983267 and the c-MYC promoter was
detected in three independent cross-linked cell populations for
each cell line. Potentially weaker interactions with the c-MYC
promoter were observed with primer E (15 kb from rs6983267)
and primer R (6 kb from the c-MYC promoter) (Fig. 4A and
B). We do not know if these interactions represent indepen-
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dent chromatin loops or local chromatin interactions that are
expected with the use of this technique (7). Notably, two other
cancer-associated SNPs which predispose to prostate or blad-
der cancer show no evidence of looping in colon cancer cells
(Fig. 4A and B). Results from control experiments show that
all possible PCR and ligation products could have been effi-
ciently detected if present (see Materials and Methods). To
further validate the findings from the 3C studies, we designed
a second set of seven primer pairs centered on Pstl restriction
sites instead of HindIII sites. Only the site nearest the
1$6983267 SNP scored positive for a chromatin loop with the
c-MYC promoter (data not shown). Thus, we conclude that
the rs6983267 SNP forms a 335-kb chromatin loop and inter-
acts directly with the c-MYC promoter in two different CRC
cell lines, with maximal interaction seen proximal to the tran-
scriptional start site. These data are consistent with recent
findings (33).

To explore any potential tissue specificity of the chromatin
loop, we conducted 3C experiments with two additional cell
lines, MCF7 breast cancer cells and K562 myeloid leukemia
cells. We used the same cross-linking, digestion, and ligation
conditions used for the CRC cells and assayed for chromatin
loops by PCR using an extensive set of primers spanning 8q24.
As in CRC cells, we detected a robust 3C signal using primers
from 156983267 and c-MYC (Fig. 4C and D). No other 3C
ligations were detected with other primers between rs6983267
and c-MYC, except for a local interaction with a primer prox-
imal to c-MYC itself. These data suggest that the rs6983267-c-
MYC chromatin loop may be present in all developmental
lineages.

To explore if the rs6983267 enhancer interacts with other
promoters, we expanded the 3C studies to compare its inter-
action with c-MYC to interactions with two other promoters in
the region, POUSFP1 and PVT1. POUSFPI1 is identified as a
pseudogene in GenBank, whereas PVT1 is a noncoding RNA.
We detect a weak interaction between rs6983267 and the
POUSFP1 promoter, which is only 15 kb away. We detect a
more significant interaction between the rs6983267 enhancer
and the PVT1 promoter, which maps 393 kb away and 58 kb in
the 3’ direction from the c-MYC promoter. This finding is
consistent with the observation that the rs6983267(G) allele is
correlated with PVT1 expression (34). However, the interac-
tion between the rs6983267 enhancer and the c-MYC promoter
was substantially more robust. We detect no interaction be-
tween the rs6983267 enhancer and the prostate cancer risk-
associated SNP rs1447295.

Allele-independent chromatin looping. We were interested
to further analyze the potential influence of the rs6983267 SNP
on the chromatin loop. Another primer from rs6983267 was
designed to incorporate the SNP into the 3C PCR products
from the polymorphic DLD-1 cells, which were then se-
quenced directly as described above for the ChIP samples. The
sequence profiles indicate that the cancer risk- and non-risk-
associated rs6983267 alleles form loops with the c-MYC pro-
moter with equal efficiencies (Fig. 5). In support of this con-
clusion, we conducted a 3C experiment after cross-linking
MCF7 breast cancer cells, which are also heterozygous for the
156983267 SNP but are not known to have exaggerated beta-
catenin—TCF signaling as in CRC cells. The two alleles formed
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promoters in DLD-1 CRC cells, HCT116 CRC cells, MCF7 breast cancer cells, and K562 myeloid leukemia cells. Relative frequencies of
interaction between primers derived from the 5" flanking domain and the c-MYC promoter are shown. The data in panels A, B, and C are derived
from three separate 3C analyses for each primer combination, and those in panel D are from one experiment. PCR products were normalized
relative to positive-control templates. An interaction of the c-MYC promoter with rs6983267 but not with two other cancer-associated SNPs or
other primers in the region was observed. (E) 3C analysis of the rs6983267 enhancer in DLD-1 cells. A primer from rs6983267 was combined with
primers from POUSFPI, rs1447295, c-MYC, or PVT1. Relative interaction frequencies were calculated as described above.

1$6983267-c-MYC chromatin loops with equal frequencies, as
did those in DLD-1 cells (Fig. 5). These data suggest that the
1$6983267-c-MYC chromatin loop is mediated by factors other
than beta-catenin-TCF binding.

Iy

MCF7

FIG. 5. Chromatin looping is not influenced by the rs6983267 SNP.
The allele specificity of intrachromosomal looping was evaluated by
sequencing of the 3C PCR product from an rs6983267/c-MYC primer
pair. The two rs6983267 alleles are detected equally in both DLD-1
colon cancer cells and MCF7 breast cancer cells.

DLD-1

Enhanced expression of the cancer risk-associated c-MYC
allele. Recent studies have shown that, in an exogenous system,
the rs6983267(G) variant can drive in vitro luciferase expression in
response to WNT signaling more effectively than rs6983267(T),
supportive of its role as an SNP-sensitive TCF4-beta-catenin en-
hancer (33). However, there has been no direct evidence that
links individual rs6983267 alleles to the level of c-MYC expression
in CRC (34). We reasoned that the difficulty in addressing this
issue lies in the complex and variable genetic and cellular back-
grounds inherent in a collection of pathology specimens or cell
lines, which have various impacts on c-MYC expression. Given
that the cancer risk-associated SNP in question is present in
approximately 50% of the global population and that c-MYC
expression is tightly regulated, any difference in expression may be
subtle and difficult to expose. Therefore, we focused on the rel-
ative expression levels of the two different c-MYC alleles within a
single cell line, the DLD-1 CRC cell line. We hypothesized that if
the cancer risk allele was driving c-MYC expression in cis, then we
should be able to detect an imbalance in expression between the
two c-MYC alleles in cells heterozygous for rs6983267, thus al-
lowing us to compare the effects of two SNP genotypes without
introducing additional variables by comparing different cell lines.
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FIG. 6. The cancer risk-associated rs6983267(G) allele is linked
to enhanced c-MYC expression. (A) Diagram of the linked poly-
morphisms at c-MYC SNPs rs6983267 and rs4645953 in DLD-1 cells
as determined by 3C analysis. (B) Allele-specific c-MYC expression
as evaluated by PCR analysis of the c¢-MYC rs4645953 SNP in
DLD-1 cells. Genomic DNA exhibits heterozygosity at the
rs4645953 SNP (DLD-1 DNA profile). RT-PCR detects twofold-
enhanced expression of the c-MYC rs4645953(C) allele (DLD-1
RNA profile). RT-PCR detects the same twofold-enhanced expres-
sion of the c-MYC rs4645953(C) allele after knockdown of beta-
catenin expression with siRNA (DLD-1 + B-catenin siRNA pro-
file). Sequencing profiles accurately detect allele-specific expression
because transient transfection with cloned full-length c-MYC genes
carrying the different rs4645953 alleles (C and T alleles) gives a 1:1
ratio of expression levels when the c-MYC genes are mixed in a 1:1
ratio (rs4645953 C/T 1:1 profile). Mixing the ¢c-MYC rs4645953 C
and T alleles in a 2:1 ratio gives a corresponding 2:1 ratio of
expression levels as determined by RT-PCR (rs4645953 C/T 2:1
profile). (C) RT-PCR quantitation of c-MYC allele-specific expres-
sion in DLD-1 cells before and after knockdown of beta-catenin
(B-cat) expression by using siRNA. (D) Knockdown of beta-catenin
expression gives a corresponding reduction in c-MYC expression.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Critical for this experiment is the ability to measure allele-specific
expression. Therefore, we screened the c-MYC transcribed region
in DLD-1 cells for polymorphisms and identified a heterozygosity
in the first intron (rs4645953) (Fig. 6A). Extensive sequencing of
the locus confirmed that, apart from the rs4645953 polymor-
phism, there was no heterozygosity between the two c-MYC
alleles in DLD-1 cells.

If indeed the rs6983267 SNP alters the activity of a distal beta-
catenin-TCF4 enhancer, then the ¢c-MYC allele in cis to the can-
cer risk-associated allele would show higher expression than the
¢-MYC allele linked to the non-risk-associated SNP. We first had
to establish the linkage between the different SNPs at rs6983267
and c-MYC (rs4645953), which are separated by 330 kb. To de-
termine which c-MYC allele was linked to the cancer risk
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1s6983267(G) allele, we repeated the 3C experiment with a dif-
ferent restriction enzyme which allowed the use of primers that
span both the rs6983267 and c-MYC (rs4645953) SNPs. We again
detected a robust 3C ligation product, confirming the presence of
the chromatin loop (data not shown). Sequencing of multiple
individually cloned 3C PCR products showed linkage between the
cancer risk rs6983267(G) allele and the rs4645953(C) c-MYC
allele (Fig. 6A). Other clones showed linkage of the rs6983267(T)
and rs4645953(T) alleles. No cloned 3C PCR products with G-T
or T-C allele linkage were found, establishing unambiguous link-
age of G-C and T-T alleles on the respective chromosomes.

To study the relative levels of expression of the different
c-MYC alleles, we performed RT-PCR using primers that
bracket the rs4645953 SNP. Direct sequencing of the RT-PCR
product provided information on the relative contribution of
each allele to c-MYC expression. These data show that the
c-MYC 154645953(C) allele was expressed at a level approxi-
mately twofold higher than the c-MYC rs4645953(T) allele
(Fig. 6B and C), implying that the linked rs6983267(G) SNP
results in significant enhancement. This ratio is significant be-
cause the two c-MYC genes are expressed equally in most cells
(23) and most genes in the genome exhibit biallelic expression
(12). We have confirmed equal levels of expression of the two
¢-MYC alleles in mouse fibroblasts with a c-MYC polymor-
phism (data not shown). To validate that the sequencing pro-
files from the RT-PCR experiment give an accurate represen-
tation of relative c-MYC allele expression levels, we created
cloned full-length c-MYC genes driven by the native c-MYC
promoter that differed only at the rs4645953(C/T) SNP. Ratla
cells were then transiently transfected with these genes at a
DNA (C/T allele) ratio of either 1:1 or 2:1, and expression was
assayed by RT-PCR as described for the DLD-1 CRC cells.
Exogenous expression of the two constructs showed equivalent
allelic expression levels at a 1:1 DNA transfection ratio and a
corresponding 2:1 ratio of expression levels at the 2:1 DNA
transfection ratio (Fig. 6B). The results of these control exper-
iments show that the rs4645953 SNP does not itself alter
c-MYC expression and that the sequencing profiles can accu-
rately detect the differential expression of different alleles
within a cell.

To extend these expression studies further, we asked if allele-
specific c-MYC expression is dependent on beta-catenin. The
level of beta-catenin was knocked down in DLD-1 CRC cells by
using small interfering RNA (siRNA), and c-MYC expression was
monitored by RT-PCR. The beta-catenin siRNA led to a 60%
reduction in c-MYC expression (Fig. 6D), which is consistent with
previous data obtained using a dominant negative form of TCF
(43). Interestingly, the c-MYC rs4645953(C) allele continued to
show a twofold-higher level of expression than the c-MYC
rs4645953(T) allele (Fig. 6B), despite the net reduction in total
c-MYC mRNA.

DISCUSSION

Numerous GWAS link specific SNPs to cancer, but the
mechanism by which they contribute to cancer risk has re-
mained elusive. This is especially true for SNPs that are distal
to any potential effector gene, such as the many cancer risk
SNPs mapped to 8q24. We show in this study that a SNP that
is 330 kb away from the c-MYC gene can lead to a twofold
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change in c-MYC expression and that higher-level expression is
linked to the cancer risk allele. It is well known that elevated
c-MYC levels contribute to cancer through somatic mutations
such as chromosomal translocations and gene amplification
(5). Elevated c-MYC levels also arise through oncogenic sig-
naling pathways such as the WNT/APC pathway which activate
¢-MYC transcription (16, 43), and ¢-MYC is an essential effec-
tor of the WNT/APC pathway in intestinal cancer (36). Nota-
bly, c-MYC is haploinsufficient for tumor formation after the
loss of APC (45), and even subtle variations in c-MYC levels
can alter the transformed phenotype in other systems (37).
Thus, a twofold elevation in c-MYC expression can readily
explain the increased cancer risk associated with the
1s6983267(G) allele.

It was interesting to find that the dominant rs6983267(G)-
linked c-MYC expression was sustained after beta-catenin
knockdown. One interpretation of this finding is that the
1s6983267 enhancer is the major WNT-responsive enhancer
driving c-MYC expression in colon cancer cells. Reducing beta-
catenin levels would reduce the expression of both c-MYC
alleles, but the rs6983267(G) allele would continue to be dom-
inantly expressed because of its higher affinity for beta-cate-
nin—TCF4. This finding is supported by recent ChIP-chip and
ChIP-sequencing analyses of TCF4 complex occupancy across
the 8q24 locus in CRC cells, which have highlighted rs6983267
as the strongest TCF4 binding site in the broad c-MYC domain
(33, 42). Furthermore, the rs6983267 enhancer can recapitu-
late an expression pattern similar to that of endogenous c-MYC
in transgenic mice (42).

The allele-specific binding of beta-catenin-TCF4 to the
rs6983267 SNP and a direct loop with the c-MYC promoter
argue strongly that the rs6983267 SNP is a distal enhancer that
is directly responsive to the WNT pathway. The large distance
between rs6983267 and c-MYC greatly reduces the chance of a
false positive due to a spurious ligation product in the 3C
analysis. Chromatin loops have been detected at several loci
(reviewed in reference 27) but rarely over this great a distance.
The presence of a regulatory element within the >1-Mb gene
desert in the 5’ direction from ¢-MYC, which is otherwise devoid
of functional genes, raises the possibility that this domain harbors
other regulatory elements which respond to diverse signaling
pathways. It is notable that 16 different cancer-associated SNPs
have been mapped to this large 5’ flanking domain of ¢-MYC (9,
10, 20, 35). Regulatory elements within this domain may form
multiple distinct chromatin loops to facilitate c-MYC regulation in
different cellular environments. Such regulatory elements are sub-
ject to subtle but significant variation by nearby SNPs.

The use of heterozygotic cell lines for analysis of allele-
specific regulation has a number of advantages over experi-
mental comparisons between 3C data from different cell lines.
Since DLD-1 cells contain both G and T variants of the
1s6983267 SNP, the alleles can be compared to each other
within a defined cell background, thus bypassing the variability
inherent in independently derived cell lines. In comparisons of
different 3C libraries, multiple technical variables such as
cross-linking conditions and digestion and ligation efficiencies
may make subtle differences in loop frequency difficult to dis-
cern. We applied the 3C protocol to the rs6983267-c-MYC loop
and then performed direct sequencing, as was done with the
allele-specific ChIP samples. Somewhat surprisingly, our find-
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ings indicate that the risk- and non-risk-associated rs6983267
alleles form loops with the c-MYC promoter with equal effi-
ciencies (Fig. 5). Equivalent frequencies of loop formation by
the different rs6983267 alleles were confirmed by Tsp451 di-
gestion (data not shown). This finding suggests that the loop is
present independent of the affinity of the enhancer for beta-
catenin-TCF4. We also conducted 3C experiments with MCF7
breast cancer cells and K562 myeloid leukemia cells. Both of
these cell lines are heterozygous for rs6983267 but do not have
known WNT-dependent regulation of c-MYC as in CRC cells.
The r56983267-c-MYC chromatin loop was readily detected in
both MCF7 and K562 cells, and as in DLD-1 cells, the G and
T alleles formed loops with equal frequencies (Fig. 5). The
data support a model in which the loop itself is not responsive
to active WNT signaling and is present independent of the
genotype of the cancer-associated SNP. These data suggest
that the rs6983267-c-MYC chromatin loop is mediated by fac-
tors other than beta-catenin—-TCF binding and that predispo-
sition to CRC is driven by cis-acting transcriptional activation
of ¢-MYC through increased TCF4 recruitment and not by
increased loop formation. This contrasts with a recent finding
that a more proximal loop with the c-MYC promoter can be
induced by WNT signaling (47).

It will be interesting to study the rs6983267 SNP in more detail
to determine if c-MYC exhibits allele-specific expression in nor-
mal development or if the impact of this distal enhancer is ap-
parent only in cells with exaggerated WNT signaling, such as
CRC cells. Nevertheless, the broad implications of the findings of
our study provide a molecular mechanism for the cancer risk-
associated 156983267 to enhance c-MYC expression in CRC and
also identify a novel regulatory element for the c-MYC oncogene.
Together, these findings may act as a paradigm for cancer-asso-
ciated SNPs within 8q24 and other intergenic regions.
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